In this study, we observed the topology of a single protein in a stretched lipid bilayer (membrane) suspended over a nanoscale well using a fastscanning atomic force microscope (AFM). The membrane was located stably enough on the well to prevent the leakage of a liquid placed in the well, and it allowed us to observe membrane stretching using an AFM. We successfully observed the gradual stretching of the suspended membrane. We also observed single bacteriorhodopsin proteins in the stretched membrane, and found that they maintained their trimeric structure, but that the distances between the trimers increased. #
In this study, we observed the topology of a single protein in a stretched lipid bilayer (membrane) suspended over a nanoscale well using a fastscanning atomic force microscope (AFM). The membrane was located stably enough on the well to prevent the leakage of a liquid placed in the well, and it allowed us to observe membrane stretching using an AFM. We successfully observed the gradual stretching of the suspended membrane. We also observed single bacteriorhodopsin proteins in the stretched membrane, and found that they maintained their trimeric structure, but that the distances between the trimers increased. # 2010 The Japan Society of Applied Physics DOI: 10.1143/APEX.3.027002 N anotechnology offers the prospect of realizing novel materials and devices on a nanometer scale. Recent advances in nanotechnology have provided novel techniques that give us new insights into the biological sciences. In this field, nanofabricated materials are used to detect, diagnose, and regulate biological molecules and cells: quantum nanoparticles are employed to detect biomolecules or cells; 1) quantum particles are used for diagnosis and are a potential treatment for cancer; 2) biomaterials are used for tissue engineering; 3) nanopillars are employed for the manipulation and separation of DNA; 4) microchannels are used for cell separation; 5) single-wall carbon nanotubes or nanohorns are used as drug delivery systems. 6, 7) Our group also uses micro-or nanofabricated structures to study biological issues. We fabricated microchannels 8, 9) and microchannels with a sub-100-nm gap (nano-gap) 10) to analyze the self-spreading behavior of a supported lipid bilayer (membrane) on a solid substrate. In another study, we used nanotrenches to estimate the elastic modulus of a purple membrane (PM).
11) The PM was obtained from Halobacterium salinarium and composed of 25% lipids and 75% bacteriorhodopsins (BRs). 12) When the PM was suspended over a sub-micron (i.e., 500 nm diameter) well, we could not observe BRs on a molecular scale, because the membrane was unstable on a well of this width. On the other hand, a suspended PM supported by carbon nanotubes (CNTs) allowed us to observe molecular scale BRs.
13) The unsupported PM was disturbed by the tip of the atomic force microscope (AFM) during scanning, and it was difficult to obtain molecular images. A smaller well diameter and fast scanning minimized the effect of this disturbance. In the present study, we set the well diameter at 100 nm and employed a fast-scanning AFM to observe the molecularscale topology of samples (i.e., lipid membrane or PM) suspended over a well without CNT support. The AFM observation of single proteins in a membrane suspended over holes has already been achieved by the other group. 14) They reported the molecular structures of a suspended S-layer membrane of Corynebacterium glutamicum over a hole. We observed a PM and employed a fast-scanning AFM because the BRs in a PM are the best-studied seven-helix membrane proteins. Various techniques including atomic force microscopy, and fast scanning have been employed for the molecular-scale imaging of these proteins. BRs are structurally similar to important cellular signaling proteins namely G-protein-coupled membrane receptors (GPCRs), 15) the largest family of seven-helix membrane proteins. Although some GPCR structures have already been clarified, BR data obtained with an AFM are still useful for studying the relationships between the structure and function of sevenhelix membrane proteins. Structural changes are important with respect to GPCR activity: when GPCRs are activated, their structures change within a subunit, and some GPCRs exhibit changes in stoichiometry (i.e., changes between monomer and oligomer). 16) Because an AFM can detect monomeric (or oligomer subunit) seven-helix membrane proteins, at least the latter reaction can be visualized by AFM. In addition to visualizing topology, an AFM can be used to stretch a membrane suspended over a well. In fact, an AFM is used as a microindentor to investigate the mechanism of strain-induced responses in cells. 17) The mechanical stimulation of cells induces one of the most important biological signals that underlies many essential functions including blood pressure regulation, vascular responses, bone remodeling, muscle maintenance, and the senses of touch and hearing. [18] [19] [20] Mechanical stimulation activates a certain group of proteins that are sensitive to mechanical stress (i.e., mechanosensitive proteins). These proteins include GPCRs. 21) Although some mechanical proteins have been identified, their details, and other candidates for mechanosensitive proteins, remain to be clarified. In this study, we describe the molecular-scale topology of proteins in a stretched membrane using a fast-scanning AFM.
We first fabricated wells on a silicon substrate as reported previously.
11) The membrane was prepared on the substrate by vesicle fusion. The vesicle was formed by sonicating a mixture of lipids [a 1 : 4 ratio of N-(fluorescein-5-thiocarbamoyl)-1,2-dihexadecanoyl-sn-glycero-3-phosphoethanolamine (fluorescein-DHPE):L--phosphatidylcholine (L--PC), 500 g/ml] and Tris buffer (10 mM Tris-HCl, pH 8.0). After a few hours of incubation at room temperature (RT), we obtained a mixture of small (SUVs) and large unilamellar vesicles (LUVs) [100 -1000 nm in diameter, estimated by dynamic light scattering (data not shown)]. The diameter of the well was set at 100 nm (with a 500 nm pitch), and we made the surface of the substrate hydrophilic as previously reported.
11) Then we checked whether the well was filled with liquid after covering it with the membrane. The lipid vesicles were mixed with ATPAlexa 594 (1 mM), placed on the substrate, CaCl 2 (2 mM) was added, and the result was incubated for 1 h at RT. The buffer outside the well was renewed 10 times, and the sample was observed with a confocal laser scanning microscope BX51-FV300 (Olympus) under a Â10 objective lens. We used laser light sources emitting at 488 and 543 nm for excitation, a 505 -525 nm filter (for fluorescein) and 610 nm high-pass filters (for Alexa 594). Red fluorescent spots (from Alexa 594) were observed only on part of the substrate [ Fig. 1(a) ]. The membrane-covered area was detected by green fluorescent signals (from fluorescein) [ Fig. 1(b) ]. The ununiformity of green fluorescent intensity might be caused by either the difference of the density of a small lipid patch or by a phase separation. The membrane area corresponded well to the region exhibiting red spots [ Fig. 1(c) ], indicating that the wells were successfully sealed. The red spots were larger than the actual well diameter owing to the limited spatial resolution of the fluorescent microscope. Also, these spots were not in ordered alignment even though the wells were arranged in order. During vesicle fusion, the dye-containing liquid inserted in some of the wells appeared to be replaced with liquid from the vesicle. The red spots were observed after a further 1 hr of incubation. This suggests that sealing the well with the membrane is sufficient to prevent dye leakage. Next we observed a membrane suspended over a well using an NVB500 fast-scanning AFM with a BL-AC7EGS-A2 cantilever that had a spring constant of 0.1-0.3 N/m (Olympus, Tokyo, Japan). For the AFM observation, we used a lipid mixture consisting of a 75 : 23 : 2 ratio of 1,2-dipalmitoyl-sn-glycero-3-phosphocholine (DPPC), 1,2-dilauroyl-sn-glycero-3-phosphate (DLPA), and 1,2-dipalmitoyl-sn-glycero-3-phosphothioethanol (DPPTE) (200 g/ml). The lipid vesicles were placed on the substrate, and then CaCl 2 (2 mM) was added and incubated for 30 min at 55 C. Figure 2(a) shows an AFM image of the membrane-coated well. The AFM images are presented as gray-scale height images. The bare well was deeper than the surface of the substrate [ Fig. 2(a), asterisk] , but the well covered by the membrane had a similar height to the membrane-covered substrate [ Fig. 2(a), arrow] , indicating that the membrane on the well was flat. We gradually stretched the suspended membrane by increasing the imaging force [ Fig. 2(b) , 0 -100 s]. When the stretching was stopped, the membrane became flat again following the stress relaxation [ Fig. 2(b) , 120 s], indicating the membrane flexibility. The membrane was then stretched again. When the membrane was stretched to a depth of over 20 nm [ Fig. 2(c), 36 s] , it punctured [ Fig. 2(c) , 37 s], and the membrane was stripped from the substrate [ Fig. 2(c), 50 s] . This system allows us to perform simultaneous experiments involving membrane stretching and the imaging of a suspended membrane at high spatial (i.e., nanometer level) and temporal (i.e., down to 100 ms/frame) resolution. In this study, we obtained data at 500 ms/frame.
We then observed a PM on mica or over a well. The PM was suspended in Tris buffer (10 mM Tris-HCl, pH 8.0, at 5 g/ml), placed on mica, and incubated for 30 min at room temperature (RT). Unadsorbed PMs were removed by washing 10 times with Tris buffer. The mica-supported PM was about 5 nm thick [ Fig. 3(a) , center] and had the trimeric and three-fold symmetry structure of BRs [ Fig. 3(a) , right], which agrees well with previous reports. 22, 23) When the PM was suspended over the well [ Fig. 3(b) , left, rectangle], a cross-section of the covered well was shallower than that of an uncovered one [ Fig. 3(b), center, arrowhead ]. An enlarged image of the rectangle [ Fig. 3(b) , left] (i.e., the suspended PM) showed that the ordered structure was disrupted but a trimer-like structure was maintained even in a stretched condition [ Fig. 3(b) , right]. The suspended purple membrane was stretched by 40% [ Fig. 4(a) ]. Meanwhile, the average distance between BR timers on mica was 6:6 AE 0:1 nm (n ¼ 30), and that between trimers over the well was 9:6 AE The average results were expressed as mean AE standard error mean (SEM). Data were analyzed with the Student's t-test to determine the differences between groups. Significance was accepted when p < 0:05. To our knowledge, our data is the first demonstration of the molecular imaging of BRs in a suspended/stretched PM. The mechanosensitivity of proteins is an essential issue, however, the mechanisms and other mechanosensitive proteins remain to be clarified owing to the lack of an experimental system that detects the molecular structure of proteins under a stretched condition. As our system enables us to observe the molecular structure of proteins under a stretched condition, it will help us to analyze membrane stretch-induced structural changes in proteins. The distances between adjacent BR trimers were 6:6 AE 0:1 nm (n ¼ 30, on mica), and 9:6 AE 0:5 nm (n ¼ 42, on a well), respectively ( ÃÃ P < 0:0001, the mean AE SEM, Student's t-test).
